Abstract: Maximum power point (MPP) tracking technique based an optimized adaptive differential conductance technique was developed in this paper. The performance of the algorithm developed in this paper was evaluated at solar irradiance of 1,000, 800 and 600 W/m 2 and at temperature of 298, 328 and 358 K. From the simulation results, it was observed that the impedance of the panel decreases as the irradiance increases while the impedance of the load is not affected by the irradiance. This technique was also validated with conventional incremental conductance (INC) technique. From the validation result, the resultant conductance of the optimized adaptive differential conductance technique at MPP is 0.0030 mho higher than resultant conductance at ideal condition while conventional technique has the resultant conductance of 0.0418 mho lower than the resultant conductance at ideal condition. From the analysis, the technique has a relative improvement of 6.0558% compared to the conventional INC technique. The simulation was done using Matrix Laboratory (MATLAB).
PUBLIC INTEREST STATEMENT
This paper developed a mathematical expression (model or algorithm) that will ensure optimum transfer of generated power from solar panel to load when implemented in the charge controller. The model was developed using a single diode model. When implemented in charge controller, the model will perform the function of matching the panel impedance to the load impedance to ensure optimum power transfer to the load. The significance of this model is that it will lead to the implementation of better MPPT-based charge controller for photovoltaic application. Charge controller built using this model will maximize power transfer from PV panel to the load with minimal power loss. The maximum power is transferred to load when the panel conductance is equal to the load conductance and this occurs at maximum power point. The model is very fast and accurate in matching panel impedance and load impedance.
Introduction
In the past few years, solar energy is one of the most important renewable energy sources that have been gaining increased attention. The amount of energy supplied to the earth by the sun in a day is sufficient to power the total energy needs of the earth in a year (Azimi, Dehkordi, & Niroomand, 2012) . A comparative study of the world energy consumption released by International Energy Agency shows that in 2050, more than 45% of necessary energy in the world will be solely produced by solar arrays.
The basic structural unit of a solar system is the PV module, which consists of solar cells (Safari & Mekhilef, 2011) . A solar cell converts the energy in the photons of sunlight into electricity by means of the photovoltaic phenomenon found in the certain type of semiconductors such as silicon, germanium, and selenium.
Photovoltaic (PV) systems are rated in terms of maximum power which is the highest power that can be generated by PV system under Standard Test Condition (STC). The power output efficiency of the solar module depends on many factors such as temperature, irradiance and spectral characteristics of sunlight (Safari & Mekhilef, 2011) . At STC the temperature is 25°C, solar irradiance is 1,000 W/ m 2 , air mass is 1.5, wind speed is 2 m/s and solar panels tilt angle when it faces south is 30° (Eze & Olisa, 2015; Topic, Brecl, Kurnik, & Sites, 2006) . Under normal operating conditions, maximum power generation from PV is not possible because the PV panel cannot always be operating at optimum power. PV systems generate the highest amount of power when the incident sun beam is perpendicular to the panel. The effective utilization of power from the sun using PV systems is improved by adding PV Efficiency Enhancement (EE) systems. Examples of EE systems are the solar tracking system and maximum power point (MPP) tracking systems.
The solar tracking system was the conventional method used to align PV panel to the direction where the solar irradiation is highest. The main drawback of this technique was that the solar tracking system is so expensive, difficult to maintain and the power generated is not well utilized due to power losses during transfer (Nguyen, Low, & Member, 2010) . Due to the drawbacks of solar tracking techniques, maximum power point tracking (MPPT) was introduced. For the power generated by the PV system to be utilized well, MPPT technique is developed to enhance the utilization of power generated by the PV. Not all the power generated by PV panel is transferred to the load.
PV modules transfer the highest percentage of power generated to the load at MPP. MPP is a point along the P-V characteristic of a PV panel where the photovoltaic impedance is equal to the load impedance. It is also a point where there is negligible energy loss in the transmission of the generated power to the load. MPP along the P-V curve is detected using MPPT techniques. MPPT is the method of operating the photovoltaic system in a manner that allows the modules to transfer most of the power generated to the load. It is implemented in charge controllers alongside battery charge level monitoring system. MPPT varies the electrical operating point of the PV system so that the module will deliver nearly all the generated power to the load. It ensures that maximum power is transferred from the photovoltaic (PV) panel to the load (Chafle & Vaidya, 2013 ). as shown in Equation (1). For an ideal INC, the resultant conductance (the slope of the P-V curve) at MPPT is zero as in (2). For a perfect condition to be achieved in MPPT based on INC technique, Equation (2) must be satisfied (Chafle & Vaidya, 2013) . Figure 1 shows the plot of power and resultant conductance against voltage at MPP. Figure 1 shows that power is at its maximum when the resultant conductance (ϒ) is zero and it occurs at V mpp . It is also observed from Figure 1 that power at MPP (P mpp ) occurs at V mpp . Any MPPT technique with resultant conductance equals to zero at V mpp and maximum power at V mpp is an ideal maximum point tracking technique. Ideally, maximum power occurs when the resultant conductance is equal to zero.
The objective of this paper is to develop an optimized adaptive differential conductance technique that will accurately track the MPP. This technique was developed to solve the problem of conventional INC technique such as tracking accuracy.
The difference between optimized adaptive differential conductance technique and the conventional incremental technique is the replacement of 
Derivation of optimized adaptive differential conductance technique
Optimized adaptive differential conductance technique is a modified INC technique that is developed using a single diode model of the solar cells. A single diode model is given in Figure 2 . The circuit consists of the series resistor (R s ) and a shunt resistor (R sh ). A large value of series resistor leads to the large voltage drop across it and this leads to drop in terminal voltage for the same current. Series resistance losses are most important at high illumination intensities (Mahapatro, 2013) . R sh are added to the circuit which limits the performance of the cell and also accounts for the dissipative phenomena at the cell internal losses. This implies that very high value of R sh leads to significant reduction in short circuit current. The parallel resistance takes care of the recombination losses, where, I = Output current (load current), I ph = Photo generated current, I D = Diode current and
For all environmental conditions, current generated by the photovoltaic cell I ph is expressed by (4) (Chouder, Silvestre, Sadaoui, & Rahmani, 2012) . (6) where, E gap = Energy band gap of the semiconductor material (Andalibi, Rostami, & Darvish, 2016; Bellia, Youcef, & Fatima, 2014) , and I rs = Diode saturation current and it is given by (7) where I sc and V oc are the short circuit current and open circuit voltage respectively. I sh is the saturation current through the shunt resistance and using current division rule it becomes Substituting (5) and (8) into (3), then (3) yields Equation (9) (3)
I rs = I sc
Equation (9) is a general I-V characteristic equation of PV cell based on single diode model (Kumar, Shaktawat, Kumar, & Lal, 2013) .
Assumption and approximations of some parameters made in this work
In this research work, Equations (10) to (19) are general equations that lead to successful development of the model. Equations (20), (21) and (23) are the models developed in this paper. They are used for calculating the voltage at the MPP, current at MPP and optimized adaptive differential conductance respectively.
Case 1: Using a single diode model, for n-cell PV with R sh very large and R s very small, I sh will tend to zero and therefore (4) can be rewritten as in (10) (Abd, Wooi, & Selvaraj, 2013; Visweswara, 2013) . Equation (10) can be further simplified as shown in (11).
Case 2:
At open circuit, I = zero and V = V oc , therefore (11) becomes (12) (Kumar et al., 2013) .
Substituting (4) in (12), the open circuit voltage (V oc ) is rewritten as (13).
Case 3: At short circuit current V = 0 and I sc will be written as in (16) (Mahapatro, 2013) . Equation (14) can be rewritten as in (15).
To obtain the short circuit current of a single diode model, Equation (15) can be rewritten as in (16). Substituting (16) and (4) in (11), the load current of the PV cell is given as in (17).
The power delivered to the load by the PV system is given by (18). Substituting (17) in (18) and differentiating with respect to V gives (19). At MPP dp dv = 0. Solving Equation (19) for V at MPP, Equation (20) is obtained.
To determine the current of the PV cell at MPP (I mpp ), (20) is substituted in (11) and (21) is obtained.
Equation (20) and (21) represents the voltage and current at MPP of a PV panel respectively.
To determine the ratio of output current to the output voltage of the PV cell, differentiate (11) with respect to cell output voltage and Equation (22) For maximum power transfer to be achieved, Υ must be equal to zero and therefore,
This technique achieves this by balancing the impendence of the photovoltaic panel with that of the (19) dp dv = AnkT qR s log e 1 + 1 (2) and (23), it is observed that (2) differentiated only the voltage and current but (23) differentiated the voltage and current at MPP which will give accurate MPP.
Performance metrics
Performance metrics are measurement standard that is used to evaluate the performance of models. Ideal MPPT Accuracy (IMTA) will be used to evaluate the effectiveness of the proposed model. This is obtained by taking the absolute difference of the average mean of new and old techniques, dividing it by the old technique and taking the percentage as shown in Equation (27) where N is the number of data points.
The performance of proposed model was validated using conventional incremental conductance. The conventional incremental conductance technique is selected because it has good performance, low cost and easy to implement (Safari & Mekhilef, 2011) .
Parameters and definitions
The input and output parameters used in the model development are explained as shown in Table 1 .
Results and discussion
The data obtained from the Equations (2), (18) and (24) were shown in Tables 2-5. Considering Table  2 , results showed how resultant conductance and output power of PV system varies with PV voltage at STC. From table, it was observed that the power output increased with increase in voltage (V) for V ≤ V mpp and decreased with increase in V for V > V mpp . On the other hand, the resultant conductance varied inversely as V for 0 ≤ V ≤ V oc. For V ≤ V mpp , the resultant conductance is positive and this implies that the model is forwardly tracking the MPP. For V > V mpp, the resultant conductance is negative and this implies that the model is backwardly tracking MPP.
The relationship in Table 2 was clearly shown in Figure 3 . From Figure 3 , resultant conductance is positive and it varies inversely with voltage for V ≤ V mpp . On the other hand, as the power is increasing, the voltage is also increasing for V ≤ V mpp . From the point that V mpp is attained, the power started varying inversely with the voltage. However, the resultant conductance continues to be inversely proportional to the voltage, though, it is negative in this region. The change in sign of the resultant conductance about the MPP makes the model adaptive in tracking MPP. Table 3 showed how resultant conductance and power varies with the voltage at different irradiance. It was observed from table that the resultant conductance was directly proportional to the received irradiance for all values of the input voltage. The results showed that the higher the value of irradiance, the higher the value of resultant conductance. This is because the impedance of panel falls with the increase in irradiance while the impedance of the load is constant. The relationship in Table 3 was clearly shown in Figure 4 . Figure 4 showed the resultant conductance-voltage relationship at 298 K and 600, 800 and 1,000 W/m 2 . From figure, it was observed that the resultant conductance increases as the irradiance increases and vice versa. This is because the impedance of the panel decreased as the irradiance is increasing while the impedance of the load is not affected by the irradiance. This showed that matching of panel impedance with load impedance using this model is faster at low irradiance but less accurate. was observed that resultant conductance varied inversely with the temperature for V ≤ V mpp . However, for V > V mpp , the resultant conductance is directly proportional to the temperature. This is because panel impedance decreases with the increase in panel temperature (this behaviour is right since the panel is made from semiconductor) and panel temperature has no effect on the load impedance. Table 4 also showed that the model tracks MPP faster and more accurately at low temperature. The relationship in Table 4 was clearly shown in Figure 5 . 2 and 298 K, the resultant conductance of optimized adaptive differential conductance was larger than the resultant conductance of conventional INC technique. It was also observed that at V mpp , the resultant conductance of the proposed technique is closer to the value for the ideal model (zero) compared to the resultant conductance of the INC technique. Using Equation (27), it was observed that the proposed model has accuracy improvement of 6.0558% over the conventional INC technique. However, the speed of tracking the MPP is the same for both models. This is because the MPP occurs at data point eight for the two models.
The results in Table 5 were clearly presented in Figure 6 . From figure, it was observed that the plot of the resultant conductance of the proposed technique against voltage intersected the plot of power against the voltage at the V mpp while that of the INC technique intersected the power plot at a point far from V mpp . This also showed that the developed technique has better accuracy. However, the data point plots of each model correspond showing that the two models have the same speed (Table 6 ). 
